The measurement of ventricular volume enhances the ability to appraise ventricular performance. The development of the thermodilutdon method for estimating stroke volume (SV), end systolic volume (ESV), and end diastolic volume (EDV) allowed us to reexamine myocardial function at progressive degrees of ischemic injury produced by repeated embolizations of the coronary artery. We determined left ventricular SV, ESV, and EDV together with intraventricular pressures after embolizations by lycopodium spores injected into a branch of the left coronary artery.
• The measurement of ventricular volume enhances the ability to appraise ventricular performance. The development of the thermodilutdon method for estimating stroke volume (SV), end systolic volume (ESV), and end diastolic volume (EDV) allowed us to reexamine myocardial function at progressive degrees of ischemic injury produced by repeated embolizations of the coronary artery. We determined left ventricular SV, ESV, and EDV together with intraventricular pressures after embolizations by lycopodium spores injected into a branch of the left coronary artery.
Methods
Fifteen mongrel dogs (16 to 58 kg) were anesthetized with a mixture of 70 mgAg of chloralose and 350 mg/kg of urethane and were ventilated with a pump respirator. A 7F Sones catheter, introduced from the left common carotid artery, was placed under fluoroscopic control in the origin of the circumflex branch of the left coronary artery. The tip of the catheter lay 3 to 5 cm from the coronary ostium. Identical intracoronary and central aortic pressures provided assurance that the catheter did not occlude the vessel. Correct placement of the catheter was established before the experiment by the produc- Accepted for publication November 20, 1964.
tion of transient, marked T wave changes in the ECG by an injection of several milliliters of cool saline, and after the experiment by autopsy. A 4F catheter, with a rapidly responding bead thermistor embedded in its tip, was introduced through a femoral artery and positioned just above the aortic valve to obtain aortic thermodilution curves. An 8F catheter, with multiple side holes and a closed end passed from the other femoral artery into the left ventricle, was used to inject thermal indicator and to measure left ventricular (LV) pressure. Another thermistor bead secured within the lumen at the tip of this catheter recorded the temperature of the injectate as it left the catheter to enter the ventricle. Injections of a measured volume (usually about 3 ml) of cooled autologous blood were made with a compressed-air device triggered by the ECG through a time-delay circuit to permit injection generally within one diastole. The end systolic volume to end diastolic volume ratio (ESV/EDV), i.e., the fraction of the maximum ventricular volume remaining after systole, was calculated from the equation:
where AT tt+1 and AT, are the differences between initial aortic temperature and that of beats T n+1 and T n recorded at end diastole on the stepfunction aortic thermodilution curve.
Left ventricular stroke volume (SV) and end diastolic volume (EDV) were also calculated from the aortic thermodilution curve in the manner previously described. 1 In four experiments, SV was determined by the indicator dilution method using indocyanine green injected into the left ventricle and arterial dilution curves recorded from the brachial artery through a Gilford densitometer. End systolic volume (ESV) was calculated as the difference between EDV and SV.
Thermodilution curves and intraventricular pressure were recorded during a control period and again after each embolization with lycopodium spores (30 to 40 /i diameter). Embolization was accomplished with a constant dose of 0.2 ml of a 1% suspension of spores in saline 519 injected manually into the catheter and flushed through with 2 to 3 ml of saline or whole blood. Using the same dose, concentration, and suspending medium, other authors have reported that the spores lodge singly or in aggregates of 3 to 10 in arterioles 40 to 500 a in diameter. 2 Detailed observations were not begun until 10 to 15 minutes after embolization so that any immediate reflex or transient vasomotor responses could subside. The experiment was stopped usually when a persistent arrhythmia began; this occurred after an average of 6.7 embolizations. In five experiments, second and third degree atrioventricular block occurred; in three experiments, atrioventricular dissociation, with nodal and/or atrial tachycardia; and in three experiments, frequent supraventricular and ventricular premature beats. Four experiments stopped when gross pulmonary edema occurred.
Left ventricular stroke work (g-m/kg) was calculated from the formula: was being ejected by the ventricle as SV. Progressively higher ESV/EDV ratios, or residual fractions, following each embolization were consistently observed occurring in 75 out of 87 experimental periods, regardless of the actual changes in SV, ESV, and EDV. Table 1 lists values during all control and all experimental periods. Table 2 summarizes the mean changes from control to terminal values. Average SV decreased while both ESV and EDV increased. In eight experiments, SV exceeded the control value after the first one to three embolizations, but decreased after subsequent embolizations ( fig.  3 ). This decline of SV was not accompanied by a significant increase of heart rate ( H R ) , so that changes of cardiac output paralleled those of SV. Terminal LV end diastolic presmean LV systolic ejection pressure (g/cm 2 ) X stroke volume (cm 8 ) 100 X body wt (kg)
Peak LV systolic tension developed within the wall of an equivalent thin wall sphere was calculated from the left ventricular volumes and pressures using the Laplace Law (T = PR/2). For calculation of peak systolic radius it was assumed that the ventricle had emptied half of its SV at the time that LV peak systolic pressure was developed. The resultant total force acting upon the left ventricular wall was calculated from the product of tension and circumference."
Results
Figures 1 and 2 illustrate typical aortic thermodilution curves after left ventricular injection both during a control period and after embolizations. The damaged ventricle empties poorly and requires more beats to expel the indicator. The ESV/EDV ratio is 66.4$ in the control curve, and 85.9* in the experimental curve. Stroke volume decreased 10.5? while left ventricular EDV increased 73.7$ following embolization.
The mean control ESV/EDV ratio for all dogs was 74* ±8.8%* and rose to 91.7% ± 4.1%* during the final embolization period. Thus, terminally, less than 10% of the EDV •Standard deviation.
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sure (EDP) always increased and LV systolic pressure always decreased. Figure 4 shows left ventricular stroke work (SW) plotted against EDV for control and terminal periods. Stroke work was always less and was accompanied by an increasing end diastolic volume in all but three experiments (no. 6, 9, and 14) . In experiment no. 6, a twofold increase in the terminal HR over the control rate would be expected to decrease volume by reason of tachycardia alone. 4 In experiment no. 9, the control EDV and the residual fraction were large and indicated that the left ventricle was dilated at the onset. We cannot explain the decrease in the terminal EDV in experiment no. 14.
An increase of SW over control occurred after the initial embolizations in six experiments. Terminally, SW fell in each animal despite the significant increase of EDV. With progressive embolizations, SW generally fell before the rise of EDV.
Discussion
Our data show that after repeated embolizations by lycopodium spores injected into a 520 WONG, ESCOBAR, MARTINEZ, RAPAPORT INJECTATE TEMP.
INJBCTATE ^EMR FIGURE 1
Typical control aortic thermodilution curve after rapid left ventricular injection of cool blood during control period in experiment no. 2. Upper tracing records the temperature of the injectate; downward deflection indicates a decrease in temperature. Lower tracing is the time-temperature aortic thermodilution curve; upward deflection indicates a decrease of temperature and temperature scale on the right refers to this curve.
branch of the left coronary artery, the left ventricle ejects a smaller stroke volume at a reduced systolic pressure. These findings agree with those of Agress et al. 5 Aortic thermodilution curve from the same experiment as figure 1 recorded after four embolizations. Note the gradual descent of the downstroke compared to the control period record indicating that an increase in the residual fraction or ESV/EDV ratio has occurred.
plastic microspheres injected into the coronary arteries through an occluding aortic catheter. Guzman et al. 2 also embolized the left anterior descending coronary artery by injecting lycopodium spores and noted a similarly diminished stroke output and systolic pressure.
We observed that the left ventricular myocardium frequently responded to the initial embolizations with an augmented stroke volume and stroke work, but deteriorated after subsequent embolizations ( fig. 3 ). These obt CONTROL PERIOD * TERMINAL servations agree with those made by Stone et al.,° who found that in some instances, small amounts of injected microspheres stimulated cardiac pumping ability, demonstrated as an increased cardiac output and left ventricular minute work. Similarly, West 7 showed that following a single injection of lycopodium spores into the left anterior descending coronary artery, myocardial contractile force, measured with a Walton strain gauge sutured over the noninvolved myocardium, either did not change or increased. A possible mechanism for this paradoxical response to myocardial ischemia is suggested by the work of Richardson et al. 8 After acute coronary occlusion either by microspheres or by ligation of the coronary artery, and in the absence of systemic hypotension, they measured a sixfold increase over control levels in circulating norepinephrine concentration, which, presumably, can enhance myocardial performance directly.
The significant increase of EDV in these experiments indicates that ischemic myocardial injury from coronary embolization is accompanied by acute dilatation of the left ventricle. In every instance an elevated EDP was also observed ( fig. 5 ). There was, however, no correlation between the magnitude Cimlttion Reicmrcb, Vol. XVI. June of increase in EDP and the occurrence of an increase in EDV. At the terminations of experiments several of the smaller ventricles had the highest end diastolic pressures, and some of the ventricles with the largest end diastolic volumes after embolization showed the least elevation in EDP. Even more striking were those intermediate embolization periods in which a transient fall in EDV was associated with an actual rise in EDP. We interpret this as evidence that striking changes in ventricular diastolic compliance may occur after coronary embolization, and this may also be related to changes in circulating catecholamine concentration. This variability of ventricular diastolic compliance was observed by Holt after experimental plethora and hemorrhage in the dog 0 and has also been observed in man for both left and right ventricular volume and pressure measurements. 10 -" Figure 6 illustrates the peak systolic force developed by the left ventricle during the control and terminal embolization periods again plotted against the end diastolic volume. Although the assumptions used for the calculation of peak systolic force are obviously not completely valid, previous theoretical and practical evaluations of this derivation Left ventricular peak systolic force and EDV plotted for control period. Note that less force is developed for any given EDV hy the ischemic myocardium.
suggest that the error is small. 3 . 4 ). After repeated embolization, SW (and SV) become greatly reduced despite the consistent increase of EDV. With each animal serving as his own control, the displacement to the right and down in figure 4 is striking, particularly when one takes into consideration that these are single points along individual ventricular function curves. Similarly, figure 6 reveals a curvilinear relationship toward the volume axis between peak systolic force and EDV (or end diastolic fiber length) for the terminal embolization periods and illustrates the inability of the ischemic ventricle to develop the same amount of force as before, despite the increase of EDV. We interpret these relationships as evidence that significant impairment of myocardial performance has resulted from ischemic damage to the left ventricular myocardium.
The ESV/EDV ratio is calculated directly from the washout slope of the thermodilution curve, is independent of the injectate temperature and volume, and is not influenced (after the first few beats) by poor initial ventricular mixing. We have previously observed that this ratio is a sensitive functional expression of ventricular performance regardless of the actual existing ventricular volumes both in the dog 4 ' ir> and in man. 10 The present study emphasizes again the ability of this measurement alone to indicate impairment of ventricular performance. We were impressed particularly by the observation that each successive embolization produced a progressively more delayed washout slope, reflecting a greater ESV/EDV ratio or residual fraction.
Summary
The progressive changes in ventricular vol-CircmUtim Rtiurcb, Vol. XVI, /«»« 196) umes and pressures created by repeated coronary artery embolizations with lycopodium spores were studied in fifteen intact dogs. In eight of the animals SV increased over control values following the initial embolization. Subsequent embolizations produced a pronounced decrease in SV and SW, an enlarged EDV, and a high ESV/EDV ratio. Left ventricular systolic pressure fell as EDP rose. The progressive increase observed in the ESV/EDV ratio between successive embolizations was the most sensitive functional expression of the deteriorating myocardial performance.
